Triatomic BNB has been produced by laser ablation of a boron nitride rod in a supersonic expansion of helium carrier gas and has been investigated using resonant two-photon ionization spectroscopy in the visible region. The B 2 ⌸ g − X 2 ⌺ u + band system has been recorded near 514 nm and is dominated by a strong origin band, which has been rotationally resolved and analyzed. Both the 11 B 14 N 11 B ͑64% natural abundance͒ and the 10 B 14 N 11 B ͑32% natural abundance͒ isotopic modifications have been analyzed, leading to the spectroscopic constants ͑and their 1 error limits͒ 
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I. INTRODUCTION
In 1953, Walsh investigated the molecular orbitals of triatomic p-block molecules and their correlation as the molecular geometry is distorted from linear to bent. 1 This work led to Walsh's rules, which are widely used to predict the equilibrium ground state geometry of triatomic molecules.
2,3
For a triatomic nonhydride, AB 2 , Walsh predicted that the molecule will be linear if it contains 16 or fewer valence ͑ns + np͒ electrons and bent if it contains 17-20 valence electrons, becoming more strongly bent as the number of valence electrons increases.
1 When the number of valence electrons is increased to 22, the molecule becomes linear again. In this scheme BNB has 11 valence electrons and is predicted to be linear in its ground state.
Walsh's rules have been tested on a large number of stable molecules, radicals, and ions, and have been found to be generally accurate in predicting the geometries of molecules with 12 or more valence electrons. Among the 2s, 2p series of neutral triatomic molecules, experimental structural determinations have been made for Li 3 ͑with three valence electrons͒; 4 
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Of these, all of the species with 17 or more valence electrons are bent, and all of the species with 10-16 valence electrons are linear in their ground electronic states, exactly in accord with Walsh's rule. The triatomic Li 3 ͑three electrons͒, 4 however, has a Jahn-Teller distorted equilateral triangular structure, while B 3 ͑9 e − ͒ has an undistorted equilateral structure, thereby violating Walsh's rule. 6 The eight electron molecule, Li 2 O, is linear. 5 To date, no 11-electron molecules have been structurally investigated in detail and our study of BNB is designed, in part, to fill this gap.
Triatomic BNB has been previously investigated using a variety of spectroscopic and calculational methods, and it is generally agreed that it is linear in its ground electronic state. A matrix isolation electron spin resonance ͑ESR͒ investigation, conducted in solid neon, argon, and krypton matrices in 1992, demonstrated convincingly that the ground state in these matrices is an X 2 ⌺ state. 28 Hyperfine splittings due to both the 11 B and 14 N nuclei ͑and in the case of the 10 B 14 N 11 B molecule, due to the 10 B nucleus as well͒ were observed and measured. The results were analyzed according to the free atom comparison method, 29 and the unpaired electron was found to have 18% 2s and 27% 2p character on each boron atom and −1% 2s and 11% 2p character on the nitrogen atom. The −1% 2s character on the nitrogen atom is obviously an artifact of the method, but the small, nearly zero value obtained in the analysis suggests negligible 2s N participation in the singly occupied orbital. The negligible 2s N character and significant 2p N character imply that the unpaired electron is in an orbital of u symmetry, and provides convincing evidence that the ground state is an X 2 ⌺ u + term. Infrared absorption bands have been observed in matrix isolation studies of laser-ablated boron nitride or of laserablated elemental boron reacting with N 2 or NH 3 , and some of these have been attributed to the cyclic ͑C 2v ͒ and linear isomers of BNB. [30] [31] [32] Identifications were based on the isotope shifts, annealing behavior, and comparisons to ab initio calculations. Strong infrared absorptions were also observed in the cryogenic argon matrix near 6000 cm −1 , due to the also observed in photoelectron spectroscopic ͑PES͒ studies of mass-selected B 2 N − anions, placing the zero-point level of 31 Based on the reassignment reported in the PES investigation, it appears that there is no evidence of a low-lying cyclic form of BNB in either the matrix or gas phase work. Knudsen effusion mass spectrometry has been used to establish that the atomization energy of BNB is 10.8± 0.2 eV, making BNB quite a strongly bound molecule. 34 Triatomic BNB also presents a challenge to computational chemistry that is surprising given that the molecule has only 17 electrons. [35] [36] [37] [38] [39] [40] [41] While all of the computational methods show that the ground state of BNB is the linear X 2 ⌺ u + state, vibronic interaction with the Ã 2 ⌺ g + state introduces problems in estimating the frequency of the antisymmetric stretching motion. In some calculations, the molecule breaks symmetry to form a C ϱv structure with one long bond and one short bond, 33, 37, 39 and the issue of whether this symmetry breaking is real or artifactual has been a subject of debate. 39, 41 In addition, the ground state of BNB exhibits a very low-frequency bending motion, with calculated bending frequencies lying in the range of 73-153 cm −1 . 41 Cuts through the multidimensional potential energy surface along the bending coordinate 38 and along the antisymmetric stretching coordinate 33, 41 show curves that look more like a square well than a harmonic potential.
Despite all of this interest in BNB, no published gas phase spectra have been reported, other than the photoelectron study. Here we provide a study of the B 2 ⌸ g − X 2 ⌺ u + band system, in which we have rotationally resolved and analyzed the origin band, thereby determining the vibrationally averaged B-N bond length of both the X 2 ⌺ u + and the B 2 ⌸ g electronic states along with other spectroscopic parameters.
II. EXPERIMENT
The experiment was performed using the resonance enhanced two-color two-photon ionization ͑R2C2PI͒ spectrometer in Basel, which has been previously described. 42 A molecular beam was produced by laser ablation of a boron nitride rod in the throat of a pulsed supersonic expansion of helium or neon carrier gas at a backing pressure of ϳ5 bars using 30 mJ/ pulse of the 532 nm radiation from a pulsed Nd:YAG laser for ablation. The products of ablation were entrained in the carrier gas and cooled in the ensuing supersonic expansion. The expansion was skimmed to form a well-collimated beam of neutral and ionized molecules. Ions were removed from the beam by a perpendicular electric field before entering the ionization region of a WileyMcLaren time-of-flight mass spectrometer, 43 where the molecules were irradiated with a pulse of tunable visible radiation produced by either an optical parametric oscillatoroptical parametric amplifier ͑OPO-OPA͒ laser system or an excimer-pumped dye laser. Following a short delay the molecules were exposed to a pulse of 157 nm radiation produced by an excimer laser operating on the F 2 transition. To prevent atmospheric absorption, the beam path of the F 2 laser radiation was flushed with N 2 . The combination of the visible and the deep UV photons was sufficient to ionize the BNB molecule. Ion signal was collected at the masses of 10 B 14 N 10 B ͑mass 34͒, 10 B 14 N 11 B ͑mass 35͒, and 11 B 14 N 11 B ͑mass 36͒ as the visible laser was scanned, thereby providing spectra of the BNB isotopomers. In addition to BNB, large clusters were also produced, evidenced by the observation of signal at every mass between 100 and 200 Da.
Low resolution survey scans were conducted using the OPO-OPA laser system; for the rotationally resolved work, a pulsed dye laser was used with an intracavity étalon to narrow the laser linewidth to approximately 0.05 cm −1 . The resulting spectra were calibrated by collecting the laserinduced fluorescence spectrum of I 2 vapor simultaneously with the BNB spectrum, and using the I 2 atlas to identify the lines. 44, 45 Standard deviations in the fits of the measured I 2 lines were below 0.01 cm −1 , with maximum absolute errors below 0.025 cm −1 . The accuracy of the measured BNB line positions is therefore thought to be better than 0.025 cm −1 . Because the dye laser was counterpropagated down the molecular beam axis, the BNB molecules were moving toward the light source at the beam velocity, which for helium carrier gas is about 1.77ϫ 10 5 cm s −1 . This leads to a Doppler shift, causing the BNB molecules to experience the excitation radiation blueshifted by approximately 0.115 cm −1 . This correction has been applied to all of the measured lines of BNB.
III. RESULTS

A. Vibronic spectrum of BNB
The spectrum of BNB was investigated over the range of 400-700 nm, but vibronic bands were found only in the 470-510 nm range. Figure 1 displays the spectrum obtained by laser ablation of a BN rod into helium carrier gas. The spectrum could also be observed using neon carrier gas, but the overall intensity was reduced and many of the bands could not be observed. Table I provides a list of the vibronic bands observed, along with isotope shift information.
The band system is dominated by the origin band, indicating that there is little change in equilibrium bond lengths or angles upon electronic excitation. This conclusion is borne out in the analysis of the rotationally resolved spectrum, which is presented in Sec. III B below. The results of the rotational analysis show that the separation between the B and N atoms in the BNB structure changes from 1.3124͑1͒ Å in the X 2 ⌺ u + ground state to 1.3108͑1͒ Å in the B 2 ⌸ g excited state.
The vibronically resolved spectrum that is displayed in Fig. 1 is not readily assigned. In part, this is due to some hot bands that are observed when helium carrier gas is used. In addition, the B 2 ⌸ g excited state is subject to the RennerTeller effect, leading to a complicated pattern of bending vibrational levels that we have not yet sorted out. Analysis of the vibronic structure of the B 2 ⌸ g − X 2 ⌺ u + band system will be the focus of another article.
B. Rotationally resolved investigations
Figure 2 presents a portion of the origin band of 11 B 14 N 11 B that was rotationally resolved with the aid of the intracavity étalon, along with a simulation of the spectrum based on the least-squares fit of the lines. To obtain a fit of the spectrum, it was accepted that the ground state of BNB is the X 2 ⌺ u + state, as found in all ab initio studies [35] [36] [37] [38] [39] [40] [41] and in the ESR investigation. 28 Given that the ground state is of 2 ⌺ u + symmetry, the only candidates for the excited state would be of either 2 ⌺ g + or 2 ⌸ g symmetry. The spectrum is clearly too
Using a BЉ value obtained from the ab initio bond lengths and a spin-rotation constant, ␥Љ, obtained by applying the Curl relationship 46 to the g tensor reported in the ESR study, 28 reasonable starting parameters for a spectral simulation were obtained for the ground state. The nearly symmetric pattern of the two inner branches ͑lying between 19 450 and 19 454 cm −1 ͒ suggested that the upper and lower state B values are similar, thereby allowing BЈ to be estimated as well. To estimate the likely magnitude of the spin-orbit constant, AЈ͑B 2 ⌸ g ͒, we recognized that a g orbital in this molecule can have no 2p contribution on the central nitrogen atom because a 2p orbital on this atom will be of ungerade symmetry. Therefore, the singly occupied g orbital is likely well approximated as ͉ g ͘ =1/ ͱ 2͓͉2p B1 ͘ − ͉2p B2 ͔͘. Using atomic 2p orbitals for boron and the spin-orbit operator, it is straightforward to estimate the spin-orbit constant for the B 2 ⌸ g state as AЈ͑B 2 ⌸ g ͒Ϸ 2p ͑B͒ = 10.7 cm −1 . 47 A simulation of the spectrum using these initial guesses gave a separation between the two inner branches that was clearly too large, so AЈ was reduced. As the value of AЈ was reduced, eventually the line assignment became obvious so that a least-squares fit of the spectroscopic constants to the measured line positions could be made. Simulation and fitting of the spectrum were performed using PGOPHER, a program written by Colin Western that is freely available on the internet. 48 The measured line positions and the residuals in the fit are provided in Table II the most likely explanation for the small magnitude of the AЈ constant in the B 2 ⌸ g state of BNB. It should be mentioned that the rotational analysis procedure was not quite as straightforward as described above because additional lines appear in the rotationally resolved spectrum when the pulsed dye laser power is too high. This is in contrast to the usual situation, in which a high power simply leads to power broadening and a loss of spectral resolution. The extra lines showed every sign of belonging to the spectrum of the origin band, since they were of similar intensity to the lines that were eventually assigned and fitted. Further, they appeared in the spectra of both isotopomers, although not in the same place relative to the band origin. The extra lines arise from a second BNB absorption band that overlaps with the origin band. We have not determined whether they arise from the ground level of the X 2 ⌺ u + state or from a vibrationally excited level of this state. In either case, the transition moment for this second band, including the Franck-Condon factor, is considerably weaker than that of the origin band, so it is possible to discriminate against these extra lines by reducing the intensity of the laser radiation.
The spectrum for the 11 B 14 N 11 B molecule displays nuclear spin statistics, as expected for a molecule with equivalent 11 B ͑I =3/2͒ nuclei. This leads to an intensity alternation of 5:3, with levels corresponding to even values of NЉ showing greater intensity than those with odd values of NЉ. Thus, the F 1 Љ components with JЉ = even integer+1/2 are more intense, those with JЉ = odd integer+1/2 are less intense. This behavior is reversed for the F 2 Љ components. The pattern of intensity alternation is most evident in Fig. 2 in the Q 1 ͑J͒ branch, between 19 450 and 19 452 cm −1 . The sense of the nuclear spin statistics is as expected for an X 2 ⌺ u + ground state ͑or for an X 2 ⌺ g − ground state͒. Since the latter is ruled out by the ESR data, we consider the nuclear spin statistics to be a definitive confirmation of the X 2 ⌺ u + ground state symmetry.
The spectrum for the 10 B 14 N 11 B isotopomer, displayed in Fig. 3 , shows no intensity alternation, as expected. A comparison to the spectrum of the 11 B 14 N 11 B isotopomer illustrates the difference in line intensities that are induced by the presence of identical I =3/2 nuclei. In Figs. 2 and 3, both simulated spectra include the effects of nuclear spin statistics, as appropriate.
IV. DISCUSSION
A. Centrosymmetry, or the lack thereof
Triatomic BNB has been shown to have an X 2 ⌺ u + ground state, with vibrationally averaged B-N bond lengths of 1.3124 Å. Unfortunately, this work provides no data concerning whether the ground state is precisely linear or quasilinear, or whether the geometry at the potential minimum is symmetry broken to form a C ϱv structure, as has been predicted in some ab initio calculations. 33, 37, 39 To decide these issues, a study of the vibrational levels of the ground electronic state would be required, combined with modeling of the potential energy surface.
It can be stated with certainty that if the molecule has a barrier at the centrosymmetric structure, the barrier is not extraordinarily high. If a high barrier were present, the ͑0,0 0 ,1͒ vibrational level of the ground X 2 ⌺ u + state would lie quite close to the ͑0,0 0 ,0͒ level, and would be thermally populated. Transitions from this level would be strongly observed in the spectrum, and they would display the opposite intensity alternation as is observed in the origin band. No strong transitions of this type are present. If the molecule had a high barrier at the centrosymmetric configuration in both the ground X 2 ⌺ u + state and in the excited B 2 ⌸ g state, then the ͑0,0 0 ,0͒ ← ͑0,0 0 ,0͒ and ͑0,0 0 ,1͒ ← ͑0,0 0 ,1͒ transitions would overlap, and for a sufficiently high barrier, the rotational lines of the two bands would precisely overlap, resulting in an apparent cancellation of the intensity alternation. In such a situation, it would appear that the two 11 B nuclei are in distinguishable environments. Based on the observed spectra, this is not the case either.
To decide whether a barrier exists at the centrosymmetric configuration, the energies of the ͑0,0 0 , 3 ͒ levels in the ground X 2 ⌺ u + state would have to be measured, and the re- sulting set of levels used to deduce the potential function along the antisymmetric stretching coordinate, Q 3 . For even values of 3 , this would be possible in principle by either dispersed fluorescence or stimulated emission pumping spectroscopy. In practice, however, it appears that these levels will be difficult to reach owing to poor Franck-Condon factors. For odd values of 3 , a direct infrared absorption study provides the best method for the accurate measurement of the levels. Measurements of the ͑0,0 0 ,1͒, ͑0,0 0 ,2͒, ͑0,0 0 ,3͒, ͑0,0 0 ,5͒ levels have been reported using photoelectron spectroscopy, with error limits of ±40 cm −1 . 33 Analysis of these vibrational levels supports the idea that a small barrier ͑approximately 18 cm −1 ͒ may exist at the centrosymmetric configuration. 33 To clarify this situation, more accurate measurements of the ͑0,0 0 , 3 ͒ levels in the interacting X 2 ⌺ u + and Ã 2 ⌺ g + states would be very desirable.
B. Electronic structure and Walsh's rule
As far as we are aware, BNB is the first of the 11 valence electron p-block triatomics to have been investigated with rotational resolution in the gas phase. Its electronic structure can be understood, in simple terms, by considering the molecular orbital diagram displayed in Fig. 4 . In this diagram, the orbitals based on the B and N 1s ͑core͒ orbitals are not shown, although they are included in the numbering scheme. The 2s N orbital is considered to be primarily corelike and forms the 3 g orbital, although, of course, some mixing of the 2s N orbital into the other g orbitals is expected. The 2 u orbital is a bonding combination of the 2p orbital on the central nitrogen atom with 2sp hybrid orbitals on the two borons. The 1 u orbital is a bonding combination of all 2p orbitals on all three atoms, while the 4 g and 3 u orbitals are close lying and not strongly bonding in character. The small separation of these two orbitals accounts for the small energy required to promote the molecule from the 3 character of the 1 g and 3 u orbitals implies no significant change in B-N bond lengths in this transition, as is observed. Adding an additional electron to form a 12-electron molecule, such as C 3 , the ground electronic configuration becomes 3 g 2 2 u 2 1 u 4 4 g 2 3 u 2 , X 1 ⌺ g + , as is well known. 49 The 13-electron molecules CCN and CNC then begin to fill the 1 g orbital, leading to ground configurations of 3 g 2 2 u 2 1 u 4 4 g 2 3 u 2 1 g 1 , X 2 ⌸ g . Of course, the g / u designation must be dropped for molecules that lack a center of inversion. Since the 1 g orbital only contains one electron, both CCN and CNC are expected to have a regular spin-orbit structure, as observed. [14] [15] [16] In these cases, the existence of three electrons in the 1 g orbital inverts the spin-orbit structure, providing an experimental verification of the orbital occupancy. Finally, with 16 valence electrons, the FCN, CO 2 , and N 2 O molecules complete the filling of the 1 g orbital to give 3 g 2 2 u 2 1 u 4 4 g 2 3 u 2 1 g 4 , X 1 ⌺ g + ground states.
Throughout the range of 11-16 valence electrons, it appears that Walsh's prediction of linear p-block molecules is holding up quite well. It remains to be seen if this prediction will remain valid for other electron-deficient molecules, such as BC 2 ͑also 11 valence electrons͒ and B 2 C ͑10 e − ͒. There are strong indications that these molecules may be bent or cyclic, [50] [51] [52] [53] [54] [55] as is the case for B 3 ͑9 e − ͒.
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V. CONCLUSION
A resonant two-photon ionization investigation of the spectroscopy of BNB has identified the B 2 ⌸ g − X 2 ⌺ u + band system, for which the origin band has been rotationally resolved and analyzed. The analyses for the 10 B 14 N 11 B ͑mass 35͒ and 11 B 14 N 11 B ͑mass 36͒ isotopomers are consistent with one another, providing ground and excited state B-N bond lengths of 1.3124͑1͒ and 1.3108͑1͒ Å, respectively. The electronic structure of BNB is compared to that of related triatomic molecules and is discussed in relation to Walsh's rules.
